The present study aimed at assessing the effects of methionine and arginine on the immune response of broiler chickens submitted to immunological stimuli. Three methionine concentrations (0.31, 0.51, and 0.66% from 1 to 21 days of age; 0.29, 0.49, and 0.64% from 22 to 42 days of age) and 2 arginine concentrations (1.33 and 1.83%; 1.14 and 1.64% for the same life periods) were tested. Birds were divided into two groups for immunological stimuli (3x2x2 arrangement). Vaccines against Marek's disease, fowl pox, infectious bronchitis, Freund's Complete Adjuvant, Sheep red blood cells (SRBC), and avian tuberculin were administered to one group as immunological stimuli; the other group did not receive any stimulus. The experiment was carried out with 432 one-day-old male Ross broilers, distributed into 12 treatments with 6 replicates of 6 birds each. Performance data were weekly collected. Anti-SRBC antibodies were collected by hemagglutination test and cell immune response (CIR) was measured by tubercularization reaction in one wattle 24 hours after administration of the second tuberculin injection at 42 days of age. The weight difference between the two wattles of each bird (one injected with tuberculin and the other not) was the measure of CIR. Arginine levels did not influence either bird performance or immune response. Methionine concentrations higher or lower than usually adopted in broiler production (0.51 and 0.49%) equally failed to influence the birds' immune humoral response, but the best CIR was observed at the intermediate methionine level. Vaccines administered on the first day of age impaired bird performance up to the 21 st day of age.
INTRODUCTION
Several kinds of animal feed supplements of different origins have been recently developed. The general aim is to enhance, either through an exogenous pathway or by stimulating the animal's immune response, a health status that in turn may allow a gradual decrease in antibiotics use. Among such compounds, there are some additives widely acknowledged and extensively used in animal nutrition, such as fatty acids, vitamins and minerals, as well as acidifiers, enzymes, flavoring and antioxidant agents, coccidiostats, and probiotics, which are usually employed at higher levels than strictly nutritional compounds. In addition, a more recent class of substances has been used to activate animal immune system, including oral immunoglobulins, intestinal flora stimulators, and oligosaccharides that block the adhesion of pathogenic bacteria.
Methionine (Met) (Swain & Johri, 2000; Rama Rao et al., 2003; Shini & Brydeen, 2005) and arginine (Tayade et al., 2006ab; Lee et al., 2002) are two amino acids that have proven immune regulatory action. Methionine is an essential amino acid with at least four main roles. First, Met participates in protein synthesis. Second, Met is a glutathione precursor, a tripeptide that reduces reactive oxygen species (ROS) and thus protects cells from oxidative stress. Third, methionine is required for the synthesis of polyamines (spermine and spermidine), which take part in nucleus and cell division events. Fourth, methionine is the most important methyl group donor for methylation reactions of DNA and other molecules.
Several studies demonstrated that methionine constructively affects the immune system, improving both cellular and humoral immune response. It was reported that methionine requirements for optimal immunity are higher than for optimal growth (Tsiagbe et al., 1987; Swain & Johri, 2000; Shini & Bryden, 2005) , and that restriction of sulfur amino acids (SAA) results in severe lymphocyte depletion in intestinal tissues (Peyer's patches) and lamina propria (Swain & Johri, 2000) . One of the mechanisms proposed to explain methionine interference in the immune system is the proliferation of T cells, which are sensitive to intracellular glutathione and cysteine levels, compounds also participate in methionine metabolism (Kinscherf et al., 1994) .
Arginine, a dibasic amino acid, (Boorman & Lewis, 1971 ) is essential to birds. In addition of being required to optimal growth, arginine is also important for a series of biological and physiological functions, including protein biosynthesis, nitrogen transport and excretion, production of polyamides and nitric oxide, and stimulation of several endocrine glands (Efron & Barbul, 1998; Efron & Barbul, 2000) . Due to the lack of some enzymes in the urea cycle, broiler chickens are unable to biosynthesize arginine from ornithine; thus, this amino acid must be supplied in diets (Wu et al., 1995) . It was recently demonstrated that L-arginine increases specific immune response against Infectious Bursal Disease (IBD) in chickens (Tayade et al., 2006a) . In humans, arginine supplements increase the proliferation of lymphocytes in the blood, and boost suppressor T-cell counts (Barbul et al., 1981) . In addition, it was observed that arginine increases phagocytic activity of alveolar macrophages in rats (Tachibana et al., 1985) . Arginine is a precursor of nitric oxide, an important microbiocidal molecule involved in the role played by macrophages as "exterminators" (Koshland, 1992) . Moreover, arginine participates in the regulation of the interactions between macrophages and lymphocytes, as well as in lymphocyte activation and adhesion.
This study was designed to verify if dietary methionine levels and arginine:methionine ratio modulate the immune response of broiler chickens submitted to an immunological stimulus series.
MATERIALS AND METHODS
This experiment used 432 1-day-old Ross 308 male broiler chickens. Chickens were housed in metal battery brooders placed in a controlled temperature environment, and were allowed free access to water and feed throughout the growth period (1 to 42 days). The baseline diet (Table 1) was supplemented with two methionine concentrations (0.20 and 0.35 percent), which ultimately resulted in 3 digestible methionine levels (0.31, 0.51, and 0.66% in the starter phase, and 0.29, 0.49, and 0.64% in the grower phase). Similarly, the addition of a single arginine concentration (0.50 percent) led to 2 digestible levels in diets (1.33 and 1.83% in the starter phase, and 1.14 and 1.64% in the grower phase). Methionine was supplemented as methionine hydroxyl analog (HMTBA -liquid-phase methionine), considering 88% bioavailability, whereas arginine was supplemented as L-arginine, with a 99% bioavailability.
Birds were divided into two groups. The first group was submitted to immunological stimulus (IS) with vaccines commonly used in industrial poultry production, Freund's Complete Adjuvant, avian tuberculin, and Sheep Red Blood Cells (SRBC). The second group was not challenged (positive control).
On the first day of life, vaccines against Marek's disease and fowl pox were administered via intradermal injection, and infectious bronchitis as ocular vaccine. Freund's Complete Adjuvant (inactivated Mycobacterium avium + mineral oil) was administered at 0.5mL (4 mg organisms/mL) via intramuscular injection in the chest muscle on the 15 th day of age. On days 29 and 41, birds received one intradermal avian tuberculin injection at 0.1mL in one of the wattles to trigger tubercularization reaction. Twenty four hours after the administration of the second tuberculin injection (42 days of age), birds were sacrificed by cervical dislocation. The two wattles of the same bird (one wattle submitted to the tubercularization reaction) were collected and weighed. The analytic criterion was the weight difference between the two wattles of each bird.
SRBC diluted at 10% in sterile phosphate buffered saline solution (PBS), pH 7.2 (v/v), was administered at 0.5mL dose per bird by intramuscular injection on the Challenged and non-challenged bird groups were raised in two separate rooms with equal humidity and temperature. In each room, treatments were randomly distributed. Non-vaccinated birds were kept in the experiment until birds from both groups reached the same body weight. Performance was weekly measured as weight gain (WG), feed intake (FI), and feed conversion ratio (FCR).
The 12 treatment series (3 methionine concentrations x 2 arginine concentrations x 2 IS arrangements) were carried out as 6 replicates of 6 birds each until 21 days, when the two IS groups reached the same body weight. The 6 remaining treatments were analyzed (3 methionine Routine vaccines, as adopted in large-scale poultry production impaired bird performance during the starter rearing phase (Table 2) , which is consistent with previous studies (Rubin et al., 2007; Chamblee et al., 1992) . One hypothesis to explain these results is that the vaccines administered on the first day of age lead to FI decrease, and to inefficient nutrient absorption and metabolism, caused by the triggered immune response (Klasing et al., 1987) , which eventually 21 st and the 35 th day of age. Sera were collected on the 42 nd day of age, and specific antibodies against SRBC were enumerated by Bartlett & Smith (2003) hemagglutination technique and expressed in log 2 . Antibody titers were analyzed for normality of variance (Shapiro & Wilk, 1965) , and, when variance was determined as normal, titer data were submitted to analysis of variance. 
RESULTS AND DISCUSSION
In the starter phase, a significant interaction between methionine and arginine levels was observed (P<0.05) for WG, and will be discussed later. As to the main effects (Table 2) , the group of non-vaccinated birds presented better WG, FI, and FCR results. This effect was not observed after 21 days of age (data not shown), when birds from both groups reached the same weight. It was also noticed that the lowest methionine level led to lower WG and FI, and also to higher FCR as compared to the other levels. Arginine levels, regardless the nature of the correlation with methionine levels, did not produce any significant difference in bird performance. Values followed by different letters in the same column indicate statistically significant differences.
to 21-day-old broiler chickens. Similarly, Cuca & Jensen (1990) reported that, at this phase, arginine requirements for optimal WG and FCR were 1.24 and 1.28%, respectively, in a 21% crude protein diet. Nevertheless, Kidd et al. (2001) observed that increasing dietary arginine concentrations from 1.25 to 1.50% resulted in higher WG (P<0.05) in 1-to 18-day-old broilers at a dietary methionine concentration of 1.05%. In another experiment, the same author did in fact observe that increasing arginine concentration from 1.12 to 1.50% did not affect WG or FCR . Deng et al. (2005) reported that no statistical difference was observed in FCR and WG in male Leghorn 1-to 28-day-old chickens when arginine levels varying from 100 to 130% over the values recommended by the NRC (1994) were fed. In a similar way, the present study used arginine concentrations between 106 and 146% of the suggested NRC values (for 1-to 21-day-old broilers), and no statistically significant differences were observed in FCR or WG. Vieira et al. (2004) observed that 0.35% methionine resulted in lower WG and higher FCR values as compared to 0.48 and 0.58% methionine levels recommended for commercial broilers breeds (Ross and Cobb) between the 14 th and the 35 th day of age, which is consistent with the results of the present study. That study reported a trend (P<0.07) of FI reduction, under the same experimental conditions. Conversely, Fatufe & Rodehutscord (2005) stated that the best methionine concentration for optimal WG and FC of Ross broilers, between 8 to 21 days of age, was 0.33%, when tested levels ranged between 0.18-0.70%.
In the grower phase (Table 4) , when only the vaccinated birds were examined, no significant difference in WG and FC was observed for the methionine levels used, but an impaired FC was already observed at the lowest methionine concentration. During this phase, there were no treatment interactions. Arginine content did not produce significant differences in performance, although the highest arginine level numerically decreased FI (P<0.11), and this deserves attention in future studies. Such finding may also be interpreted as a result of amino acid imbalance, but broilers at this age are less sensitive to nutritional changes.
Gonzales-Esquerra and Leeson (2006) did not observe differences in FI or in WG in 26-to 33-day-old broilers fed arginine levels of 0.94 or 1.54%. Also, Tayade et al. (2006a) reported that the supplementation of 2% L-arginine in feeds was safe, and did not produce any detrimental effect when used The highest arginine level used along with the lowest methionine level in broiler chicken feeds led to lower WG value. This was also previously observed by Keshavaraz & Fuller (1971) in 1-to 21-day-old chickens using similar concentrations as those adopted in the present study (1.68% arginine and 0.36% methionine). Fuller et al. (1967) also reported lower WG in young chickens when higher arginine concentrations were supplemented to corn-and soybean meal-based feed. In chickens, creatine biosynthesis is an important factor in arginine metabolism during the first 4 weeks of life (Fisher et al., 1956) , since arginine and glycine are biological precursors of creatine (they form glycocyamine, which, together with the methionine methyl group, is converted into creatine) (Du Vigneaud et al., 1941) . The methionine-arginine interaction is a typical example of "amino acid imbalance", according to Harper's classification (1964) . High dietary arginine concentrations may cause heavy consumption of methionine methyl groups to generate creatine, which lowers the amount of methionine effectively available for growth.
As to performance parameters, Ruiz-Feria et al. (2001) observed that the increase in arginine levels from 1.25 to 1.47% failed to significantly improve WG of 1-negatively affected FI in vaccinated chickens. A series of metabolic events may lie underneath this finding, such as redistribution of bivalent cations, higher energy expenditure, higher breakdown degradation of skeletal muscle, more intense amino acid oxidation, and also higher glycogenesis mediated by amino acids (Klasing & Barnes, 1988) .
The interaction showed that, at the lowest methionine level (0.31%), the lowest arginine level (1.83%) produced the best WG figure as compared to the highest arginine concentration. At the intermediate methionine level, the highest arginine level produced better WG. At the highest methionine concentration in broiler chicken feed, arginine concentration did not influence WG (Table 3) . Table 3 -Interactions between methionine and arginine levels (%) for weight gain (g) in the starter phase (1 to 21 days). (2000) demonstrated that neither the excess nor the deficiency of methionine in diets influenced the production of primary antibodies in chickens. On the other hand, Rama Rao et al. (2003) showed that methionine supplementation increased anti-SRBC antibody titers, and that the best methionine concentration for antibody production was the highest (0.55%). The SRBC administration pathway, genetic traits, as well as bird sex may have influenced antibody production. Yet, in that study, the authors used females of four different genetic strains, and SRBC was intravenously injected. The present study used male Ross chickens as the animal model, and SRBC was injected in the muscle.
As for arginine, Kidd et al. (2001) demonstrated that arginine levels between 1.48 and 1.68% failed to enhance the immune response against SRBC and Newcastle vaccine, which is consistent with the results obtained in the present study. However, Tayade et al. (2006a) proved that the supplementation of 2% arginine in diets increased antibody counts and the protection against infectious bursal disease virus.
In terms of immune cell response (Table 6) , the lowest Met level resulted in a diminished tubercularization reaction, as compared to the intermediate concentration. Such finding suggests a decreased proliferation of Th1 lymphocytes in inflammation sites. The present study is in agreement with the results of Swain & Johri (2000) and Rama Rao As to immune humoral response (Table 6) , the tested dietary methionine and arginine levels did not in 21-to 42-day-old broiler chickens. Likewise, Corzo et al. (2006) did not find any statistically significant difference (P>0.05) in WG when Met content in diet varied between 0.31-0.45%. Yet, in a previous study carried out by our research group (Rubin et al., 2007) , it was shown that methionine levels between 0.37 and 0.47% reduced WG (P<0.07), as compared to a 0.57% level. As for FCR and FI, our previous results agree with the findings of the present study: methionine did not influence FI, whereas methionine levels under 0.49% negatively affected FCR. For the entire experimental period (Table 5) , the hypothesis that the lowest methionine level would lead to worse WG and FCR was confirmed, as compared to the other concentrations tested. As for arginine, the different concentrations did not produce any statistically significant difference in performance parameters. Values identified with different letters in the same column indicate statistically significant differences.
influence the production of antibodies against SRBC. In addition, there was no significant action between treatments. Kidd et al. (2001) and Deng et al. (2005) , whose studies that did not reveal any significant difference either in anti-SRBC antibody production or in immune cell response against phytohemagglutinine. However, Tayade et al. (2006b) demonstrated that the supplementation of 2% L-arginine stimulated both intestinal and systemic immune responses against infectious bronchitis virus (IBV). Lee et al. (2002) observed that CD8+ cells percentage in the lung lavage fluid of IBV-challenged chickens was lower than in chickens fed with arginine-deficient diets (0.50%), as compared with regular arginine-adequate diets and with feeds containing excess arginine (3.00%). It is important to emphasize the study mentioned was conducted with specific-pathogen-free birds of a different strain (Leghorn), using a different immunogen and different arginine levels (0.5, 1.0 and 3.0%) as compared to the present study (1.33 and 1.83%). Interactions between nutrients and the immune system are largely dependent on the variables mentioned above. Therefore, results obtained using different experimental methods have to be compared with caution.
CONCLUSIONS
In general, methionine levels below or above the concentrations usually applied in commercial poultry production did not influence the humoral immune response of birds, though the likelihood of a doseresponse correlation between methionine and cellmediated immune response cannot be neglected, and the best response is achieved when usual methionine concentrations are used. The present study also establishes that the vaccines administered on the first day of age impaired broiler chicken performance up to 21 days of age. Therefore, it is recommended to administer vaccines carefully, taking into account the risk of losses caused by disease as compared to losses caused by vaccines. It is also important to emphasize that further studies are needed to establish alternative optimal nutrition characteristics in order to minimize such "inevitable" losses. The arginine concentrations tested in the present study did not influenced either broiler chicken performance, or humoral and cell immune responses.
